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(roughly) defined observationally to be region* Mpc in radius contain Another idea, and one that is at least partly realised in the cosmic string 

ing more than 50 bright galaxies. These seem to be significantly clustered on scenario, is that the distribution of galaxies and clusters may reflect a per- 

scales of at least 2005^' Mpc (13|. For comparison the present Hubble ra turbation distribution with a scale invariant correlation function i.e. ob 

jccts of mean separation d have a correlation function ((r/d) with ( the 





«e correct, they practically rule out the ICDM model. matter come, from ob.erv.tion. of the rotation curve, of .piral galaxie.|20j. 

So «hat if there is luge Kale .tructure in the univene? The mo.t .triking To keep a particle in orbit around a galaxy require, an acceleration of v J /r 

thing about it i. that matter could not have moved these di.tances under where „ and r are the orbital velocity and radiua. Assuming that this i. 

gravity since the big bang. In the linear regime (and on these scales the provided by the gravitational pull of the man M <r inside the orbit one find. 
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According to our current and successful understanding of high energy physics, 
the underlying field theory describing nature has a high degree of symmetry 
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ju.t a. *« expected above. Thu. for m/T «lwecan regard (27) end (28) Wb “ U the C * U,e ° £ thi * ‘ r “ t0r * tioD ’ of In the p «‘ itio " 

a. the contribution to the full partition function of only .umming over the tuaCii ° n W * fiadin * the mM ‘ configuration for the system 

high * mode., leaving the low h mode. (i.e. k « T) not .ummed over. We plu ‘ h “‘ b * tb <*” Ucture 3 > lo lhi ‘ context thi * “ nounU *® minimmng 

then have an effective theory for the low k mode, with a potential energy lbe free “**» with re,p ' ct * The mo “ important effect of + being 
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condition* this mean* that the string* have no end* - they are all in the form Quite quickly it becomes a very good approximation to treat the strings 

of closed loops. as infinitely thin relativistic lines or ‘Nambu* strings, the action for which is 

The numerical simulations first done by Vachaapati and Vilenkin [56] have simply the area of the two dimensional worldsheet they sweep out in space- 

been checked by many people on a variety of lattices and are in good agree- 
ment (49,46,52). Most (about 80%) of the string is in strings as large as the 
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Fir.t we imagine .uch a world.heet i. given and con.truct two normal de , 7 to p/R w « Jlo h .„ to the (une order (D*)> = = 

vector, to it, »;(<r), A = 1,2. The* obey = 0 and are orthonormal -(D„*.)' and F» = F? *o when the <Pp integral i. performed the Lagr.ngi.n 

n l n eS«* = - Now for any point in .p»x do«r to the .tring than it. reduce. to mino. the energy per unit length, The term, of order p are down 

radio, of curvature R we can vociate two world.heet coordinate, o- and b y W/R after integrating p acroM the .tring profile, where IV i. the .tring 
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* very local process ( the string fields approach the vacuum exponentially 

rapidly outside the tiring) and can be done perfectly well in Bat spacetime. ( ' * choo * in « r to be the time “ d choo * in 8 ° instant so that 

Numerical calculations by SheUard |36)(for global strings) and MaUner (37| * h ' Inotio,, of th * P oint 1 * beUed *>y ° >• perpendicular to the string). Upon 
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The difficulty U that .tring. are actuaUy quite -are on the lut .cattenng 
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.late, one has to put a mtaw e on configuration apace, and this brings in a and .imilarly for N. Here N and N are tbe level number operator for the 

■I shall use Icagtk L and tasrgy B iatsrchaagcably for striags, dace B = n/*r in the left and right moving oscillator* respectively, 

gauge < = 1. J dm cu he tahea as the deftaitioa of the leagth, related to the naive one 

l M = l dm | a* | by the factor | a* |. Si ace <| i* |*>= $ for a doaed loop by an argument * »hall ignore the tachyon altogether in what follows. This is the state 

analogous to (fl9) the two dcflaitioas are quite wmilar. - 

with N = N = 0 and has negative mass squared. For cosmic strings, we shall 
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3.3 Failure of Canonical Ensemble macroscopic system., fi(E) grow, rapidly with E, typically « £" where n is 

the number of particle* in the system. In fact this is where the e (iE for the 
We are now ready to discus, the statistical mechanic, of string, in general. ^ ^ ^ ^ ^ for ^ he . t batb lhe number of sUtes 

Since string interaction, involve the splitting and joining of strings, the num- n ^ (£) „ £ . . Prom the entropy , defined as S = /»(«) we calculate the 
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of a system of strings depends only very weakly on its density. For example sity. Thus the scaling solution is really inevitable, barring really long time 

for a network of cosmic strings in todays universe, 7* » fit « 10 ,a C?eK. transients which would make the string system quite unique among statisti- 

Taking 6mo & 10 and Jn(po/p) as 10* we find T as 10 l# GeV! Of course this cal systems (a gas in a box for example equilibrates in a few mean collision 

does not mean that the strings are literally hot but shows they are very far times). 
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modes in the very early universe was given in [101) where it was argued that 
they may actually lead to an inflationary phase (see also [100]). Some recent 
work on calculating the interaction rates for massive string modes may be 
found in [114,11S] * this is important in eventually deciding how reasonable 
the assumption of thermal equilibrium is in the case of fundamental strings. 



<0 

rj 

£5 


J 9> 
ttt 

« —4 

>* 

£ CM 

0* 4* 


— ' © 

" CM 

« « 


H 

Z 


U 

a 


s s * 

■a j 2 

I I ° 

X 


►> 

43 

On 


o 


T3 

a 

13 

Q 

< 

•a 

3 


■8 ‘3 

3 g 
« £ 
a5 cn 


OC 

0 


-c 

a 

4 


J 

I 

X 


jd 

O- 

* 


-o £ 

S2 


-£ Q 
a > 


•tj a 

is 

15 2 

■* £ 

«os 

e i 

< £ 


*. Q 


1 

4 

•* 

8 

a 

ed 

T3 

3 


05 o> 

|S 


U) u -» 

. ~4 *0 

z 

-o ^ 


t: 

« o 

2 o* 


*J * s * 

_ * ’-' po > , 


8 .. 

*tJ 43 


!Z ; J 


» 

w 


S 

1 

o 

U 

W 


'5°: 5 

5 M 

Jo 2 

. 3 

UH 

ifz 

ii 
* 3 


8 - 


rj 

oo 

cs 

03 


H Q 


r 2 si 5 


& 

>» 

43 

a. 


a. 

a ss* 

3 33 


a 

& 

x 

43 

a. 

d* 

13 

a 

J5 

> 

< 


3 

* 

s 

is 1 . 

Oh * 

u 2 


•3 


4 

5 

05 


ORIGINAL PAGE IS 
OF. POOR QUALITY 


~ 00 

v 2 


3 

T3 

< 


2 

2 

I 

* 

t3 

i 


A 

1 


M 

a 

o 


8 

a 

S' 

H 

d 

S 


4 .2 
^ 2 
•2 e 

8* 
Ed 
? < 


<2 

CO s 

-a •* 

s« 
* s 
js 

co*- 

. « 

aJ •- 

a! “o 

_-3 

C » 

1 8 

v 5 

°| 

<3 


s 

1 

S3 


*o 

s 

=3 

V 

a 





3 

H V 

t* 43 Is. 

a 

V 

w 

V 

u 

-o 

3 

3 

jQ 

f 

9 

o C. 2 

•3 °- 

• a « 

3 

a . 
a — < 

4 

a 

-3 


> 

.So* 

J ^3 


3 

d 

0 

« 'f 2 


i 

cS 

* 

w 

H 

3 

05 

d J S 

SU H 

Ql 

. a> 

> c 


7T 

w" 


to - 


•5 CM 
&2 
■g-S 

C o 

j > 

■S'z 

! 
2 ® 
£-> 
3 * 

* 5 

jjl 

15 

s e 


3 ?1 


cn 


«o 

1 

<o 

v 

g* 

*8 
3 a. 
8 ^ 

°!*2 
M S 
T3 

Oh D) 


o 


w 

Z 

d 

6 


O 


3 r> 

E-* o» 


S ® 

os 

•oC. 

CM 


. S3 
0.0, 

1^ 

2 -5 

u 

- oo £2 
v ® **> 

2- -> 
Z M CM 

Jag 

e o z; 

23 § — 

4 C»- 

^ * 
■S S J? 

u£ g- 

v Ot 2 

q 3 

1 ! 2 

^ < 
1.1 f 
IS .2 

o-8 m 

-i -2 OQ 


0 

1 

L 

eS 

J?". 

3« 

21 

E -.2 

5 CO 

«3 

-I 

■3 . 

N J* 

CO v 

ii 

Sew 

83 


j2 m 


® D -S 

to ^ ^ -3 

2 - *3 d 


?§• 

CO 

]< 


43 

a. 

o 


Hi 


& 

Ij 

< < 


< 

m 

•B 

I 


tH ■> 

-2* M 


3 Z 

g to 

s 2 

*-> c, 

"3 t- 

.2 *° 

“ d 

43 a. 

§■ «s 
I e 

s J 


1 

« 


3 ^ 3 


3 

* >, 
it 

a* 

<o 

3 

*3 

00 

s 

• 

4 

1 

3 

00 

« 8 

• « 

9 « 

< 

a 

< 

Q < 

a S 

z 

S 

z 


'8 

>» 

43 

a. 


3 

s 

8 

43 


=5 C 
uT o. 


t 00 

Q S 

Ii 

4 - 

Q3 

J 2- 

• 9 

“A 

n 

ri 

CQ *a 

, O 

o-: 

£< 

V _ 
4> *, 
«2| 

= 1 

W5 . 

|S 

“2 

-S-8 

■S'-S 

Q 8* 


CO h- 



ORIGINAL PAGE IS 
OF POOR QUALITY 


w *-« 

a w 

CQ 


y “ 

|| 1 
J* * 


- o ff as 


*1 I 

t* 1 


— * CM « ^ »0 (O 


.3 » r 


a « n 
2 w « 

e~ ] 
i* 12 


fl£ a &3 


- c r- 

& 

: 2 e £ 
rf 

fsi I 
|R H 

; • v -o 

- v fi 9 

»■?! : 

■§ 

i-5 a i 
s 

- a .2 sc 


>£ > 

<°1 < 
•v "g 

9 8. 9 

‘■gl g 

1? I 
is 3 

H 5 H 


h p) n Tf »n to £- 

10 *L .*£. i2L — — — 


— f-3 


« « w 

00 ® 

2 w JS 


a 

•c 

o. 


g 

£ 

V 

a 

3 

H 

s 


>> 

-a 

Cu 

te 

o 


cu 

Ud 

0 

H 

Z ad 

TJ 2 
e —t 
d ^ 

=3 

V ao 

J3 CD 
u — 

ii 

*“ Oi 
■ N 

C 33 


w 

u, 


s 

d 

a 


? 

c 




— 4 00 «** 

£ % ~ 

° ~ s 

*n o 

•A ® W 

3 d U 

s .3 § 


►» 

-c 

Cu 

Ud~ 

o 

H 

Z 


JS 

> 

£ 

■ 

us 

cu 


2 00 
» 2 


o S 

S 1 


« e « 


“» a- e 

• . 0 

i N « 

U « g 

111 

* 2 * 

Jv^-cu 

CU s • 


ua 2 

-g— 2 ® 

3 -*r W® 

* *5 _ 

:=»« w g 

. >* ■ CQ 

?>- 

u f * 
y — ; cu ja 

J a « cu 
! z J-3 

: “ Z J 

u 0 70 „ 

Ifzi 

® 3 irt Tj 

>d!i 


3 

z 


J 

H 

d 

-a 


Pi 

d 


d a> 
■o o 
-o -• 
o ^ 
O « 

cu 2 


us 

13 

S 


J £ - 

m C4 

g 

a. 

s' 

? 

3 


“0 

2 

as 

as 

d 


a 

a 

3 


►» 

JS 

CU 

i 


3 

d 

c£ 


s i 

i <i 

Od T3 

3 


>» 

US 

CU 


Cu 

w 

as 

c/b 


3 <3 1 

« ■ c 


a 

CO 

< 


> 

cS 

>> 

-c 

cu 

a 

u3 


Z « 

I > 
< 
-a 

3 

d 


£ 

>» 

ud 

CU 

a 

u3 

8 

> 

< 

-o 

3 


w 

-o 
a 

d __ 

u* — t» 

u •= Jd 


e 

c/j 

d 


I 


5 9 

6 

c 

D 


•c 

a 

v 

a 

3 

I 


3 

a 


0 

s 

a 

3 

1 

cd 

2 
H 
Z 

=3 

"9 

Q» 


ORIGINAL PAGE iS 
OF POOR QUALITY 


6. 

< 


2 N 


« . - 



a 

< 


- C, < os 


5 

CU 

-o 

3 

So 

c 

3 


a 

> 

<2 

>. 

us 

CU 

a 

o 

H 

c 

3 

as 


“* yb 

-o 

15 

1 ] 
_ O a 

- <'S 

_co 

Sfti 

es * 
^ a 
g 8 


2 a. 
. < 


»rt »-i 


■fl 

I 

r° 

3 

s 

d 

> 


- J m 

* « « 


« JW _ . 

>% ® 

US rLoo 

a* ^cs 
® Q 
ao^ . 

|S« 
* • • 

as > x 

■ H -® 
V3 Cd Cu 


< 


■c 

CU •" 

2 S i 


s ^ 


-o 

3 

CQ 

OC 


£ 5 


CT5 

< . 
"O S 

3- 

s | 

a 2 

rt r 


cn 

< 


a, 

i-9 

-o 

3 

2 

u 

8 

u 

d 

•c" 

o 

fl 

"3 

S 


'E 

o CT 

^2 

u 

S o 

&u cs 


®2 ^ M ^ 


a g 

< § 
3* ^ 

M S 

s J 

W 

-a 

3 

5 

6 


>» 

us 

Cu 

a“ 

12 

a 

JS 

> 

< 


d 

Z 


>> 

us 

cu 


£ 

Z 

-o 

3 


2 8 


«< 


jS cu 


* 

a 

-o 

3 

.5 

> 

d 

Q 


: s 

-s S 

£ 




s 

-a 

3 

t., 

d ssg 


* co 


n 

Q 


>v 

-e 
cu 

^ _ CM 


3 c3- £“ 


pf 1 

08 
. ® 
DC w 



ORIGINAL 
OF POOR 


PAGE 13 
QUALITY 




— * 


S 3 


o * S 

« M -3 
v v 2 
> B E 
o w o 


m „ "0 
- 8 C 

*o *3 3 

1 8 S “ 
«| 5-C 

gu „ • 

Isj- 

Jjia! 

**jj -c .2 

® g>« & 

c.E ao-o 

2 o -o v 

a. a a •£ 

-Is- 


C w 5 jjp 0 

U « t».p — 

va .5 *> 

<■58*0 
— ' l> — 

•-1 c - £ 
ja a « 

ox > 

. l).-r V 
<*; 

g'- o p a 
-a-“ g*o 0 

V W 0 V 

s S-o I a 

5.0 V S ‘~ 

St 

a H ° s 5 
a«i-s .2 a 

“"■SS • 
*C V •* 5 " 
a 9 IS O-- 
i> »3 ut o 
-au. w >» 

h b «5| 

u-a © 
0-0*5 o S 

© V © , 

Z _o e o m 

-c ©^ S' 

s Si .2 8 

-s s 5 'S g 
&3 s “ 
•Stas'S 

N * • ^ o g 

cQ V ti © g 

S S^2si 

I J 5 I w 

£ < 5 5*0.2 


c V 

•2 & 

S5 

w o 
c S 


■1“ 

|1 

« • 


I © 

z g 


3^5 
* E^H 
00 5 § * 

■ 0 wo 

« C 3-* 
Si "5 «•- 

& §~ 3 

iZ u 5 


5 

*0 


0 

C 


W 

U. 



fl 

o 

a. 

m 

U 


C/3 

a 


c* 

I 


It 

y 

sr 

-3 


N Z 

£ a 


S&. 


• 6C 
>> C 

‘*5*5 9* 


. -o 
J -a 
md 3 


3 

£*0 

e N s u u 

•t l^* 2 - 2 

c *0 

a (j 

u 

1 s 

3 

*© E 

w a t «*** 

V -C 

£ 

3;s 

* E 

* £ 5 js « ^ 

;: §s^ ?5 

2^’-a 

v v • - 

5 — g 



g 0 S 3 a: 53 1 

fl** — 0 


bC 

s 


“O 

o 

E 

-o 

"5 

3 II 
* t* 

ff*s 

5 3 


w *■« 
1 o 


O h 
a «• 


d*© 

V V 

“<c . 
JsJjS 

-5 *> 

c w ‘C 
O © u 

• ©5 

« o- 
u '-3 53 

•S3 £ 

w V o 


V 1 

0.R* 

>. ©j 


0 5 

a 0 

S 


3 

*=3 

c » 


B<*Js * 


M w 


v J 
3 


a a» : 


s V 




C*< H fc h cn 


a "§ • B 

}} * * 0 

0 

CL 4 -O O 


t l P^ 4 © 1 

^ 1 8 1 a 

“Sf ijitl, 
II s »*s •»-=* 
S.-0 4> s 3 

a! 1^ 

1* JJ 3 S 

- <• 5 'm • 

jg a=a -i 83 
5 J 3 v s S y 

a &3 5 3 2^ c 

•■ 3*1 %** 

** v 3 © “O a 
S Z JO £ © 
0 2*5 s-2 S 

i 0 -"j'3. 0 

-S o a ^ °vg 

3-8 8?*° 3 

C C *0 u 0^ 
o ^ •- 3 i'- 


ll 

* a. | 

j?3 §> 

a « a 

*s * 

.2^3 


s 

u 

a 

o 

£ a 

© t> 

» j 

c*< H 


5 3 

-o E 

2 v 
S *T 3 

it?? 

?S§ 

III 

2 si 

. _ .2 JO JB 

— *o2 Z > °* 

sS 3 8 

a 0.5 ^ 3Ji 

a 3 _ J u o 

=g 8 8 : jjJS 

u 3 ^ « «« 

*3 5 oZ 3 * ©» 01 fl 

ljiS-51 

fcK« 

s « : * 

!-? o.jg - &> 

8" e ,0J i i 

S J 3 .2 85 


« a — 

« E © 

Q. O 
6 *© 2 
*s 

• u r- 

v a 

-a M • 

* il 

g .S ft 

1 ii 

a ” - 


i° 


a 

• 2 x f 
g^yS 
Su v i 
H '3 y > 

« 2 | i- 

M ©• 8 •*© 

u CL V V 

2 a^Ja a 
© CH.!P 
. 5 f> jb _ - 
6 u h ??3 


original page is 

of POOR QUALITY 


i 

Sjl 

S..IS 

•ly 

•Ilia 


« T ° 
*1 »» 
^ a a 
g 8 1 
3 , « “ 

.5® -o *3 
6 * H« 


C uS S ^3 "2 

-i- 0 a 

— £ Js «-a a 

1 s § ! 5 f g 

>2 =t 

1 sl -5 gf « 
Jtgl g | H £ 
S 3 “-2 u § S 

S * «"«■§« 

5^ aSS§ 

TJ a fl O SC O 

<5 JJ M'S 

iMHl 

.$1 g .2 8 :« 
s ag-oja 5 g 
g JS • S.-S . g 

1 g 0 ! 2 a 

i> J “■ a- 4 . 2 

g o'S’S 

.2 -a o x t; • » 

| -a t S-gjS* 

- o a o g-c 
■-3 -° “•= u 

- • 'S Jj-fj a «T 3 

lljlUH 

•S.§I1C& S 4 

g » s « ai « § I 
3, *> a-S J 35 S “• 
£ ^ 8 .alAab 


c c-o a 
X -5 « Ja 


-5 -o J 2 

8 -s -a. 

5 *ia 

e JS J .2 

- - ° -j 

s# lla 

5 £> 8 » 
|'1| - 
3-* 2-5 


g? ^ 

'• x * "jT 
v «s a 5 

0:3 If 

‘•5 0.9.1 

8 nJ C 

liS* 

" O-S*! 

-3 |-3 o 

Z’S X 11 

s|;c 

Sins 

g SJS a 8 

Ck H a ex‘0 


.2 o*r! o 

x§|« 

'5 H ®* 3 

a .2 a -a 

■s*4 

His 

w C 5 « 

S 1 . 2*1 

e|-as^ 

£>=3 £' 3 « 

a £>'§11 
-sg-s a-g 
1<ai} 

i &q S.J .*2 a 

a i -.fi 

0 — xr)*3 & 

■S'.S|g |8 
T.£> | S,’.= 
J g-a~-g 

o=-S H 

-n x |g » 

" sa o*-c 

§ * gr^Ta • 
■•3 -5 2 £ o M 
S^S 5 • &g 
cn .a >*5 -o -2 


temperature T«. The solid line shows the microcanomcal result, where 
fixes E and calculate* T. In the infinite volume limit this turn* vertical 
beyond Tg. 






Figure 2.5 





Figure 2.7 
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Figure 2.8 



Figure 2.9 
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